A B S T R A C T Using an isolated perfused rat pancreas preparation, the interrelationship between the endocrine and exocrine portions of the pancreas were studied. Addition of exogenous rat insulin (1-20 mU/ml) to the perfusing solution potentiated the action of cholecystokinin (CCK) (1 mU/ml) to increase both pancreatic juice flow and the release of the enzyme, amnylase. Raising the glucose concentration in the perfusing solution from 2.5 to 17.5 mM both increased endogenous insulin release and potentiated the CCKinduced exocrine secretory response. Two lines of evidence indicated that this effect of glucose on the exocrine pancreas was mediated by endogenous insulin release. First, the addition ofcomparable amounts of xylose or galactose to the perfusion medium neither released insulin nor potentiated the CCK-induced response. Second, epinephrine blocked the effect of high glucose on both insulin release and potentiation of CCK action. Epinephrine alone did not affect the action of CCK. The magnitude of the exocrine response induced by high glucose was comparable to that of 2.5 mU/ml exogenous insulin. It seems possible that pancreatic acinar cells can be exposed to insulin levels of this magnitude in situ.
INTRODUCTION
In the pancreas of mammals, birds, and reptiles islets of endocrine tissue are scattered among the exocrine acini. Morphological studies reveal both cell-cell contact between these two types of tissue and direct connections between the capillaries of the islets and the acini (1) (2) (3) (4) (5) . It has been hypothesized that these morAt the time ofthis study Dr. Williams was a visiting professor sponsored by the Japan Society for the Promotion of Science. His permanent address is Department of Physiology, Uni- versity of California School of Medicine, San Francisco, San Francisco, Calif. Address requests for reprints to Dr. Kanno. Received for publication 22 May 1979 and in revised form 29 October 1979. phological arrangements reflect a regulatory role of the islet hormones in the function of the exocrine pancreas (1) . Of the hormones, there is evidence that insulin controls pancreatic acinar cell function: In vivo insulin acts as a trophic factor to inaintain the tissue level of acmylase in acini of diabetic animials (6, 7) and in vivo also insulin influenices the release of amylase by its hormnonal stimnulator, cholecystokinin (CCK)l (8, 9) . Insulin in vitro stimulates glucose uptake by pancreatic acini and specific insulin receptors have been described (10) . In the perfused rat pancreas insulin also potentiated the action of CCK (8, 11) .
To date, however, all studies have been carried out with exogenous insulin. Whereas the exocrine pancreas was exposed to insulin in arterial blood, the possibility exists for a local effect of insulin at high concentration in an "islet-acinar portal systemi" (2) . To test this possibility, we have stimulated the endogenous release of insulini by the in vitro perfused pancreas and studied its effect on CCK-in-duced exocrine pancreatic secretion. Comparison of these results with the response to exogenous insulin supports the concept that instulin has a physiological effect on acinar cells, and allows estimn-ation of the in situ insulin concentration to which the acinar cells are exposed. (13) (1 mU/ml CCK = 286 pg/ml = 73 pM). In previous studies with the perfused rat pancreas, the threshold for CCK-induced pancreatic secretion was 0.2 mU/ml, the half-maximal response was about 1-2 mU/ml and maximal response at 5-10 mU/ml (14) . Rat insulin (Novo Research Institute, Copenhagen, Denmark; 20.7 U/mg) was also added to the perfusing solution. I-Epinephrine bitartrate (Sigma Chemical Co.) was dissolved in 10 mM-HCl and added to the Krebs-Henseleit solution immnediately before perfusion.
METHODS
Estimnation of digestive enzymes, flow of pancreatic juice, and itnsulitn. The estimation of the flow rate of pancreatic juice was made as follows: A calibrated tube inade of siliconrubber (about 0.5 mm o.d.) was attached to the free end of the pancreatic duct caninula. At specified initervals the tube was replaced, and the rate of pancreatic juice flow down the tube measured, and the collected juice sample was diluted with a physiological saline solution at 2°C. The total protein in the pancreatic juice was assayed by the method of Lowry et al. (15) , with bovine serum albumin as a standard. Amylase, in appropriately diluited samnples, was assayed by the modified imethod of Bernfeld (16) as described (14) . 1 U of amiiylase activity is defined as the amlioount of enzyme that produced 1 mg imialtose during a 5-min incubation at 37°C. Insulin was assayed by a double antibody radioimmiunioassay (Otsuka Assay Laboratory, Tokushima, Japan), which was calibrated against rat insulin standards dissolved in the perfusion buffer.
Statistics. Results are expressed as mean±SE, and are analyzed by Stuident's t test.
RESULTS
Potenttiation of CCK action by exogenous insulin. Previous studies using the perfused rat pancreas have demonstrated that exogenous insulin, although having no effect by itself, would augment the CCK-induced secretion of pancreatic enzymnes and juice (8) particularly by submaximnal concentrations of CCK. By using an improved perfusion system containing bovine serumn albumnin as well as dextran, exogenous rat insulin was found to increase amylase released by 1 mU/mnl CCK (Fig. 1) . A detectable effect was seen at 1 mU/ln insulin and a imaximal effect at 10 inU/ml insulin. Similar augmentation by insulin were seen for fluid and total protein secretion. Insulin alone had no effect on the basal secretion of amylase, fluid, or total protein.
Effects of glucose and other sugars on the CCKinduced secretory response. The isolated pancreas was first perfused for 20 min with the standard KrebsHenseleit solution that contained 2.5 mnM glucose to obtain the "resting" secretory responses of the exocrine and endocrine pancreas. The perfusion was then switched from the standard solution to a solution that contained 2.5 mM glucose with 1 mnU/ml CCK and the perfusion continued for an additional 35 imin ( Fig.  2A) . As expected CCK induced an increase in pancreatic juice flow as well as total protein and aimylase output. There was no increase during the first 5-min exposure to CCK and a significant (P < 0.05) increase was observed for all samnples after 10-mmin exposure. The total amount of CCK-induced protein output in the pancreatic juiee collected during perfusion with the standard solution that contained 2.5 mn\M glucose was 810.4±151.6,ug/35 inin. When the same concentration of CCK was added to medium that contained 17.5 mn\M glucose (Fig. 2B) , the total protein output was 1,601.1 ± 165.3 ,ug/35 inin (P < 0.01 as comnpared to low glucose). The total amnount of CCK-induced amnylase output during perfusion with the standard solutioni was 918.9±211.6 U/35 min. In the presence of high glucose, the total amylase output was 1,875.2±217.1 U/35 min (P < 0.01). The addition of glucose alone had no consistent effect on any of the secretory paramiieters (Fig.  2) . The total amount of CCK-induced juice flow during perfusion with the standard solution was 13.1±1.7 ,ug/35 imin. In the presence of the high glucose, the total juice flow was 23 No potentiation of CCK-induced secretory responses was observed after the addition to the perfusing solutioni that conitainied 2.5 m.\M glucose of either 15 mM xylose or 15 mnM galactose (Fig. 3) . Moreover, the CCKinduced secretory response was slightly inhibited during perfusion with xylose or galactose.
Insulin release and the potentiating effect ofglucose. Because it is well established that a high glucose concentration stimnulates the pancreatic beta cells to release insulin, the potentiating effect of 17.5 mnM glucose on CCK-induced exocrine secretion was most likely miediated by enhanced endogenous insulin release. In our preparation 17.5 m,\M glucose caused a biphasic inisulin secretion, which was comparable to the results reported by Curry et al. (17) . As shown in the (Table I) . Addition of epinephrine led to a sustained stimulation of fluid secretion and a transient release of total protein and amylase (Fig. 4) . In the presence of 2.5 mM glucose and epinephrine, the subsequent addition of CCK was able to exert its usual secretagogue effects (Fig. 5A) . When the same protocol was carried out in the presence of high glucose (but with insulin release inhibited by epinephrine) the effect of CCK was no longer potentiated but was actually inhibited (Fig. SB) .
DISCUSSION
In this study we have shown that both exogenous and endogenous insulin potentiates the action of secretagogues acting on the exocrine pancreas. Addition of bovine serum albumin to the perfusing solution has allowed demonstration of the action of exogenous rat insulin at a much lower concentration than reported in an earlier study (8, 9) .
These studies emphasize the physiological relevance of insulin action on the exocrine pancreas by showing that endogenously released insulin has a similar effect. Because a single-pass perfusion system is used, insulin released from the beta cells must be acting on the exocrine cells prior to entering the pancreatoduodenal and portal veins. This is, to our knowledge, the first functional demonstration of the islet-acinus portal vessel system previously postulated on morphological grounds (1, 2, 18, 19) (20, 21) . In this case where the portal vein collects blood from a numilber of organs besides the pancreas, intrapanicreatic instulini concentrations would be expected to be mnuch higher than those in the portal vein. Besides effects on insulin, changes in concenitrationi of glucose in the perfusing solution may also effect release of glucagon or somatostatin although these were not measured in the present sttudy. Somatostatin level has been reported to be significantly greater at higher glucose concentration in solution perfusing the isolated pancreas of the dog (22) , and somatostatin has been reported to inhibit the response to CCK in the (log (23) . Direct effects ofglucagoni on the exocrine pancreas, however, have not yet been established. Further work will be necessary to establish whether each of these islet hormones acts as a local regulator ofthe pancreatic acinar cells in the islet-acinar portal system (1, 2) .
Previous work in the perfused rat panereas has shown that exogenous insulin potentiates the ability of CCK to release amylase. In recenit years it has become apparent that CCK also stimulates release of a Cl--rich fluid, which is presumiieed to originate from acinar cells and is distinct from the juice secretedl by the pancreatic ducts (24, 25) . Because both exogenous and endogenous insulin potentiate pancreatic fluidl as well as enzyme secretion, it is likely that insulin acts on a process common to both. Acetylcholine, acting on a distinct receptor, induces a pancreatic secretory response similar to CCK. Preliminiary studies have shown that insulin also augments the secretory response to acetylcholine. The actions of both CCK and acetylcholine are believed mediated by intracellutlar Ca2+ as reviewed by Williams (26) . Two possibilities for the mechanism of insulin are that it either inereases intracellular Ca2`mobilization, or the activity of a membrane Na+-K+ transport pump, which is important in secretion of both fluid and proteini by the pancreatic acinar cells (14) .
